Abstract In this paper, based on the quasi-stationary magneto-hydrodynamic (MHD) model, vacuum arc characteristics are simulated and analyzed at different moments under power-frequency current. For a vacuum arc with sinusoidal current under a uniform axial magnetic field (AMF), simulation results show that at the moment of peak value current, maximal values appear in the ion number density, axial current density, heat flux density, electron temperature, plasma pressure and azimuthal magnetic field. At the same time, the distributions of these parameters along the radial position are mostly nonuniform as compared with those at other moments. In the first 1/4 cycle, the ion number density, axial current density and plasma pressure increase with time, but the growth rate decreases with time. Simulation results are partially compared with experimental results published in other papers. Simulations and experimental results both show that the arc light intensity near the cathode side is stronger than that near the anode side for diffusing vacuum arcs.
Introduction
A vacuum arc is a metal vapor arc in a vacuum environment. Vacuum arcs appear frequently in many fields, such as vacuum interrupters [1] , vacuum arc coating [2] , ion implantation [3, 4] , metal remelting [5] and pulse power technology [6] , and so on. At present, the vacuum arc has been studied mainly by experiments, but the internal physical process of a vacuum arc is difficult to completely investigate just by means of experiments. Numerical simulation technique is a promising tool to aid the understanding of vacuum arcs.
In order to investigate vacuum arcs, several kinds of typical vacuum arc models have been proposed [7∼9] . These models mainly paid attention to steady vacuum arcs, and the arc plasma parameters at different moments during a power-frequency current interrupting process are seldom researched. Most research [8, 10, 11] adopts the steady model to simulate the vacuum arc under a constant arc current. SCHADE and SHMELEV [9] established the unsteady vacuum arc model, but the vacuum arc characteristics were simulated and analyzed for constant arc currents. In fact, they analyzed the steady arc characteristics based on an unsteady model method. And thus this unsteady vacuum arc model is not suitable for analyzing the transient developing process of vacuum arcs.
Because vacuum arc interruption is a dynamic process, if vacuum arc characteristics at different moments could be simulated, it would be useful for the understanding of the whole interrupting process of vacuum interrupters. Moreover, melting and evaporation of the anode electrode are also associated with vacuum arc characteristics at different moments. So, simulation of vacuum arc characteristics at different moments is very important to the further understanding of the vacuum arc mechanism.
In this paper, based on the quasi-steady model [10, 11] , vacuum arc characteristics at different arcing moments are simulated and analyzed by considering a series of discrete moments of the sinusoidal current, which is because the relaxation time of vacuum arc plasma is far less than the characteristic time of a power system. Moreover, simulation results are partly compared with the experimental results [12] .
2 Vacuum arc model and simulation scheme
Physical model of vacuum arc
In this paper, the steady model is adopted [11] . The physical model of a vacuum arc is shown in Fig. 1 . In this model, the vacuum arc is divided into three regions, i.e., near cathode region, interelectrode plasma region and anode sheath region. The interelectrode plasma is mainly supplied by cathode spots. In commercial vacuum interrupters, copper-chromium material is often used. However, in order to simplify calculation, only a single material (pure copper) is considered in the simulation, and the constant mean charge number (1.85, which includes 30% Cu + , 55% Cu ++ and 15% Cu +++ ) is selected according to previous experimental results [13] .
Fig.1 Physical model of a vacuum arc
The presented model presented is based on the following assumptions. a. The interelectrode plasma is fully ionized [14] and only consists of electrons and ions, and neutral particles are not considered. b. The arc plasma satisfies the following condition: l e << h, so the hydrodynamic approximation can be used to describe the plasma flow. Here, l e is the electron mean free path, h is the electrode gap and l e can be approximately calculated by electron temperature and electron density [15, 16] . c. The electron inertial component is neglected. d. Because r D is far less than h, quasi-neutral plasma flow is considered, r D is Debye length. e. Ions and electrons are considered as an ideal gas.
Mathematical model
Based on the two-fluid models of ions and electrons, and Maxwell equation, a mathematic model of a vacuum arc can be obtained [10] . Mass conservation equation:
Here, n i is ion number density, u r is radial velocity of ions, u z is axial velocity of ions, r is radial position, z is axial position. Momentum conservation equation in the radial direction:
Here, m i is ion mass, k is Boltzmann constant, n e is electron number density, T i is ion temperature, T e is electron temperature, j z and j θ are axial and azimuthal current density, respectively, B z and B θ are the axial and azimuthal magnetic fields, respectively, τ is the viscosity stress force tensor. Momentum conservation equation in the axial direction:
Here, j r is radial current density. Conservation equation of ion energy:
Here, P i is ion pressure, λ i is ion thermal conductivity, m e is electron mass, ν ei is electron-ion collision frequency. Strictly speaking, when the AMF is considered, λ i should be a tensor quantity, not a scalar quantity. That is to say, thermal conductivity along different directions should have different values. However, because the influence of thermal conduction on the energy process of a vacuum arc is not significant, only scalar thermal conductivity is considered in this paper. Electron and ion thermal conductivity are described by (see Ref. [17] ):
Quasi-neutral condition:
Here, z i is mean charge number. Component form of electron velocity:
Here, v r , v z and v θ are the radial, axial, and azimuthal components of electron velocity respectively, e is electron charge. 
σ is electrical conductivity. g T is a coefficient, which is related to the ionization degree.
Magnetic field transport equation:
µ 0 is vacuum permeability. It is obtained by the Maxwell equation and the generalized Ohm's law. Component form of current density:
. (10) β e is the electron Hall coefficient. j r and j z in (10) 
ϕ is electrical potential. Biot-Savart law:
It is used to calculate the self-axial magnetic field B self z
induced by a single current loop, and the total AMF is calculated by the superposition principle. The viscosity stress tensor is described by the following equation:
Here µ is the molecular viscosity, I is the unit tensor, and the second term on the right-hand side is the effect of volume dilation. The influence of viscosity force on vacuum arc plasma is very small. For our current model, the viscosity force is considered, because it adds a great deal in terms of calculation cost.
Boundary conditions and calculating method

Boundary conditions at the cathode side
According to the experimental results, for the cathode side, the electron temperature is about 1.5 eV. According to simulation results of transition from supersonic to subsonic status, the ion temperature is about 10 eV. This is also supported by SCHELLENKENS's experimental results [12] . From KUTZNER and MILLER's experimental results [13] , the mean charge number of ions is 1.85. In the simulation, uniform current density of cathode side is assumed, and the current density is described by j 0 = I 0 /πR 2 0 , where R 0 is the radius of cathode side, related to the area occupied by cathode spots. According to computational fluid dynamic (CFD) theory, for an inlet (cathode side) condition of subsonic flow, the stagnation pressure, stagnation temperature and the direction of plasma flow should be specified, here, the flow direction is assumed normal to the cathode surface. At present, we cannot directly get the above data at the cathode side. However, we know the erosion rate from experiments [18] , so we can get initial ion flux n 0 u 0 = γj 0 /m i , where γ is 115 µg/C [19] . We can make an assumption about the initial distributions of ion number density and ion velocity at the cathode side, but the initial uniform ion number flux (n 0 u 0 ) must be assured. According to CFD theory, the ion number flux at the inlet (cathode side) will be influenced by the boundary conditions at the outlet [20] (anode side). In general, for actual vacuum interrupters, the length of the current-carrying conductor is about ten times larger than that of the arc radius. So, the azimuthal magnetic field can be solved by a magnetic transport equation, and electromagnetic boundary conditions are considered according to the assumption of an infinite line. So, Eq. (13) can be used as the boundary condition of magnetic field transport equation at the cathode side:
Here, µ 0 is vacuum permeability; I 0 is arc current; R 0 is arc radius at the cathode side; r is the radial position of the cathode side.
Boundary conditions at the radial edge
According to the previous simulation results of a high-current vacuum arc (HCVA) [11, 21] , a small shift of the radial boundary position does not significantly influence HCVA characteristics. So, in order to reduce the computation time, a fixed radial boundary position is assumed. For current simulation, we consider the simulation region as a rectangle region. That is to say, the radius R of arc column along different axial positions is equal to the radius of cathode side R 0 (R = R 0 ).
Boundary conditions at the anode side
For the anode side, the anode is still in a passive state. Between the anode and adjacent plasma, an anode sheath is considered. The anode sheath potential is described by:
where j th is the random electron current density in adjoining plasma:
The anode is considered as an equipotential surface, according to this condition and the generalized Ohm's law, the boundary condition of the anode side for the magnetic field transport equation is obtained as:
. (17) The boundary condition of the anode side for the electron energy conservation equation is described by [9] :
2.5n e kv z T e + q ez = j ez · ( 2kT e e + ϕ sh ).
The ion pressure of the anode side (pressure-outlet) is assumed to take the value corresponding to the critical flow condition (ion Mach number is equal to one) [11, 21] .
Simulation method
In the simulation, the MHD equations were calculated by the computational fluid dynamic software FLUENT (control volume approach). The two-order upwind scheme was used in the discretization process. The initialization and the selection of relaxation factors were very important because there were several partial differential equations to be solved. The initial values of the calculated parameters were set to uniform distribution in the whole computation region.
Simulation scheme
Because the relaxation time of vacuum arc plasma is much less than the characteristic time of arc current in a power system, the dynamic vacuum arc can be simply discreted as many steady arcs. The following describes the simulation scheme: discrete current values at different moments (1 ms, 2 ms, until 10 ms) are selected. Because the uniform axial magnetic field is selected during arc burning period, the simulation in the first 1/4 period of the sinusoidal current is similar to that in the second 1/4 period. And thus the simulation is conducted only in the first 1/4 period. In the simulation, the following moments are selected: 1 ms (the same as the result of 9 ms), 2 ms (the same as the result of 8 ms), 3 ms (the same as the result of 7 ms), 4 ms (the same as the result of 6 ms) and 5 ms. Based on the MHD model, vacuum arc characteristics at different moments are simulated and analyzed.
In the simulation (section 3), a 45 mm electrode diameter is selected, the electrode separation is 10 mm, the power-frequency current (peak value 15 kA) is considered, and a uniform AMF (4 mT/kA) is selected. The power-frequency current in the simulation is shown in Fig. 2 , and the arc current values at different moments are given in Table 1 . Fig.2 The power-frequency current (Im=15 kA) 
Simulation results
During the arc burning period (10 ms), the changes of the distributions of ion number density, axial current density, heat flux density to anode, electron temperature, plasma pressure and azimuthal magnetic field are analyzed.
Ion number density distribution at the anode side
The ion number density distribution (anode side) at different moments is shown in Fig. 3 , from which it can be seen that ion number density at the anode side increases gradually with the increase of arc currents. At the center of the anode side (r = 0 mm, z = 10 mm), n i = 0.7 × 10 for t = 5 ms, it can be seen that ion number density increases gradually but the growth rate decreases, which is mainly because the current value at different moments (1∼5 ms) increases gradually but the growth rate decreases. It can also be found that the distribution of ion number density along the radial direction becomes more nonuniform with the increase of currents, and this phenomenon is most evident at the moment of peak current. 
Axial current density distribution at the anode side
The axial current density distribution at different moments is shown in Fig. 4 , from which it can be seen that axial current density at the anode side increases gradually with the increase of arc current. At the moment of t = 1 ms, although the arc current is small, the distribution of axial current density is nonuniform, which is because the ion in vacuum arc is in supersonic status, and the influence of the Hall effect on current density distribution is more significant. From Fig. 4 , it can also be seen that the distribution of axial current density at t = 4 ms moment is nearly similar to that at t = 5 ms moment, which is due to similar arc current values. It can also be found that the distribution of axial current density along the radial position becomes more and more nonuniform with the increase of arc currents. The nonuniform distribution of axial current density along the radial position is mainly caused by the Hall effect [7, 17] . 
Distribution of heat flux density
The distribution of heat flux density to the anode at different moments is shown in Fig. 5 , from which it can be seen that heat flux density increases gradually with the increase of arc current. From Fig. 5 , it can also be found that the distribution of heat flux density to the anode becomes more and more nonuniform with the increase of arc current. This kind of nonuniform distribution is mainly caused by the nonuniform distribution of electron heat flux density. Electron heat flux density is larger than ion heat flux density. For instance, when the arc current is 15 kA, ion heat flux density is 1.42×10 8 W/m 2 while electron heat flux density is 2.75×10 8 W/m 2 .
Fig.5 Distribution of heat flux density at different moments
Electron temperature distribution at the anode side
The electron temperature distribution at different moments is shown in Fig. 6 , from which it can be seen that electron temperature at the anode side increases gradually with the increase of current value. Electron temperature distribution at 4 ms moment is nearly the same as that at 5 ms moment. Electron temperature is nearly independent of radial position, which is due to the vacuum environment outside the arc column; the loss of thermal energy along radial direction is very small.
Fig.6 Electron temperature distribution at different moments
However, at 1 ms and 2 ms moments, the distribution of electron temperature is not only nonuniform, but also non-monotonic, which is mainly associated with the distributions of axial current density, electron number density and anode sheath potential in the arc column region.
So, the distribution of electron temperature at the anode side can be influenced by the distributions of anode sheath potential, axial electron current density and electron number density. The nonuniform distributions of these parameters along the radial direction, especially at the arc edge, lead to the nonuniform distribution of electron temperature. This kind of nonuniform distribution along the radial direction is more evident at t = 1 ms. It is because that the vacuum arc is in supersonic status and the influence of the Hall effect [7, 22] is more significant than that in subsonic status, and causes current constriction [7, 22] which further leads to the more evident nonuniform distribution of electron temperature along the radial direction. At the same time, the uniform AMF (4 mT/kA) is considered and the AMF strength is smaller when arc current is smaller, which is also a reason of the nonuniform distribution of electron temperature along the radial direction.
Plasma pressure distribution at the anode side
The plasma pressure distribution at different moments is shown in Fig. 7 , from which it can be seen that plasma pressure at the anode side increases gradually with the increase of arc current. At t = 1 ms, plasma pressure is only 1.6 kPa, but at the t = 5 ms moment, plasma pressure is about 10 kPa. The distribution of plasma pressure along the radial direction becomes more and more nonuniform with the increase of arc current. The simulation result of plasma pressure is in agreement with experimental results. Experimental results for plasma pressure are also of the order of 10 4 Pa. The azimuthal magnetic field distribution at different moments is shown in Fig. 8 , from which it can be seen that azimuthal magnetic field at the anode side increases gradually with the increase of current value. In Fig. 8 , at the edge of vacuum arc (r = 22.5 mm, z = 10 mm), B θ = 42.05 mT at 1 ms moment, B θ = 78.67 mT at 2 ms moment, B θ = 108.26 mT at 3 ms moment, B θ = 127.31 mT at 4 ms moment and B θ = 133.83 mT at 5 ms moment. The azimuthal magnetic field distribution at 4 ms moment is nearly the same as that at 5 ms moment, which is due to the similar arc current at these two moments. This kind of distribution of azimuthal magnetic field is related to the nonuniform axial current density distribution. If uniform axial current density is considered, a linear azimuthal magnetic field will be obtained. 
Comparisons with experiments and discussions
In order to verify the correctness of the simulation results, simulation results are partly compared with other researcher's experimental results [12] .
Electron temperature distribution along radial and axial positions
In SCHELLEKENS's research [12] , the distributions of electron temperature along the radial direction (at z = 5 mm, the middle of the electrode separation) and along axial direction (arc axis, r = 0 mm) have been obtained through experiments. The experimental electrode diameter is 60 mm, electrode separation is 10 mm, arc current is 10 kA (peak value of sinusoidal current) and the external AMF is 25 mT. Because cathode spots can occupy parts of the electrode surface or the whole electrode surface, the arc diameter can be different from the electrode diameter. So, in the simulation, different arc diameters (d = 50 mm and d = 60 mm) are selected. Here, the arc diameter is selected as a free parameter. The experimental results and simulation results of the electron temperature distribution along the radial direction are shown in Fig. 9 (the measurement error is about 0.3 eV). From Fig. 9 , it can be seen that the variation trend along radial direction of simulation results is in agreement with the experimental results. It can also be found that the maximal change of electron temperature along the radial direction in experimental results is 0.54 eV, and the max-imal change in the simulation results are 0.34 eV and 0.43 eV, respectively. SCHELLEKENS's experiments and the present simulation results both show that the electron temperature distribution is independent of the radial position. So, the simulation results are in agreement with the experiments. Electron temperature distribution along the axial direction is shown in Fig. 10 . From Fig. 10 , it can be found that the electron temperature along the axial position first increases then decreases, and the variation trend along the axial direction in simulation is in agreement with that shown in experimental results. Perhaps the quantitative differences are due to the neglect of arc radiation in the current arc model. 
Electron temperature at different moments
Fig . 11 shows the experimental [12] and simulation results of electron temperature at different moments. The experimental object is the same as the above experimental conditions except that the AMF is 15 mT. At the center of the arc column (r = 0 mm, z = 5 mm), the simulation results of electron temperature at different moments (different currents) are also shown in Fig. 11 . By comparing the experimental and the simulation results, it can be seen that the simulation results are in good agreement with the experimental ones. In SCHELLEKENS's paper [12] , electron number density distributions along the radial direction at z = 2 mm (2 mm from cathode) and z = 8 mm (2 mm from anode) were also obtained experimentally, as shown in Fig. 12 . The experimental object is the same as the above experimental conditions except that the AMF is 15 mT. The simulation results of electron number density along the radial direction at z = 2 mm and z = 8 mm are also shown in Fig. 12 . By comparison, it can be seen that the simulation results of electron number density are in agreement with the experimental results. 
Discussions
For a vacuum arc with a power-frequency current, ion number density increases as the arc current (first 1/4 cycle) increases gradually after the arc is ignited, which is in agreement with the experimental phenomenon where the arc becomes more and more bright. After the peak current, ion number density decreases gradually, which is also in agreement with the experimental phenomena where the arc becomes darker and darker.
The experimental results are from SCHELLEKENS' paper [12] . Electron temperature is measured by using the optical spectroscopy method, and the electron number density is measured by using the laser interferometry method. As regards the differences between simulation results and experimental results, we think it can be attributed to the following reasons. First, the boundary condition at the cathode side may lead to a difference between simulation and experiment results. Another reason is that the steady model is used in the simulation, which is also likely to cause error. If a transient model is established (cathode and anode process can be considered), the difference in Fig. 11 may well be reduced. In the future, we will consider the influence of the electrode process (such as cathode spots distribution and anode activity) on the arc column, where a transient vacuum arc model will need to be established.
Conclusion
Through simulation of a vacuum arc at different moments, the following conclusions can be drawn.
a. Simulations and experimental results both show that the arc light intensity near the cathode side is stronger than that near the anode side for diffusing vacuum arcs;
b. In the first 1/4 cycle, the ion number density, axial current density and plasma pressure will be increased with time, but the growth rate is decreased with time;
c. For a vacuum arc with a power-frequency current, the ion number density distribution at different moments is in agreement with the light intensity of the arc column;
d. For a vacuum arc with a power-frequency current, the distributions of plasma parameters along the radial direction are mostly nonuniform at the moment of peak current value.
